a This paper presents the successful surface modification of a model cellulose substrate by the preparation and subsequent physical adsorption of cationic polymer latexes. The first part of the work introduces novel charged polymer nanoparticles constituted of amphiphilic block copolymers based on cationic poly(N,N-dimethylaminoethyl methacrylate-co-methacrylic acid) (P(DMAEMA-co-MAA)) as the hydrophilic segment, and poly(methyl methacrylate) (PMMA) as the hydrophobic segment. First, RAFT polymerization of N,N-dimethylaminoethyl methacrylate (DMAEMA) in water was performed at pH 7, below its pK a . The simultaneous hydrolysis of DMAEMA led to the formation of a statistical copolymer incorporating mainly protonated DMAEMA units and some deprotonated methacrylic acid units at pH 7. The following step was the RAFT-mediated surfactant-free emulsion polymerization of methyl methacrylate (MMA) using P(DMAEMA-co-MAA) as a hydrophilic macromolecular RAFT agent. During the synthesis, the formed amphiphilic block copolymers self-assembled into cationic latex nanoparticles by polymerization-induced self-assembly (PISA). The nanoparticles were found to increase in size with increasing molar mass of the hydrophobic block. The cationic latexes were subsequently adsorbed to cellulose model surfaces in a quartz crystal microbalance equipment with dissipation (QCM-D). The adsorbed amount, in mg m −2
Introduction
During the last few decades, more environmentally friendly materials have attracted significant interest. Society is demanding high-tech products derived from renewable resources; for example high strength composites from reinforcing nanofibre-containing components are extremely interesting. 1, 2 In many of these applications polar, hydrophilic, naturally occurring materials have to be combined with nonpolar carrier films or matrix polymers. To allow for a good compatibility in composites, and/or for tailored adhesion with the non-polar components, it is necessary to modify the surface of these materials. Cellulose is one of the most abundant renewable polymers in the world and has functional hydroxyl groups in the structure that can be used as chemical handles for further modification. By applying different pretreatments to cellulose it is possible to introduce either positive or negative charges into the cellulose fibres. 2 In addition to the cellulose hydroxyl groups, these charges bring about a possibility to modify cellulose in several ways to allow for its application in, for example, biocomposites. 1 By modifying the surface of cellulose, it can adapt different properties such as hydrophobicity 3 or responsiveness to external stimuli. 4 The surface modification can be † Electronic supplementary information (ESI) available: Determination of the degree of hydrolysis of DMAEMA during its RAFT polymerization in water by 1 performed by attaching small or larger molecules, such as polymers, 3, 5 employing either covalent linkages or physical attractions. The latter approach, for instance by electrostatic interactions, is a highly versatile method to tailor the properties of cellulose since the surface modification can be performed under mild conditions in water. [6] [7] [8] Furthermore, this procedure may possibly be integrated and performed in conventional processes, for example in paper making. Alince et al. [9] [10] [11] reported already in 1976 the favorable effect of addition of a poly(styrene-co-butadiene) latex for paper reinforcement. The same copolymer composition was employed to prepare nanocomposite films by casting latex dispersion with cellulose whiskers which considerably improved the mechanical properties. 12 The adhesive behavior between latex particles of poly(styrene-co-butyl acrylate) and cellulose was also recently studied. 13 Core-shell latexes of poly(butyl acrylate-co-styrene)/ poly(2-ethylhexylacrylate-co-methyl methacrylate) have also been adsorbed to cellulose fibres, increasing their hydrophobicity and enabling the formation of polypropylene-based biocomposites with improved mechanical properties.
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In recent years, much work has been conducted in the field of reversible-deactivation radical polymerization (RDRP) techniques which provide possibilities to design well-defined homopolymers and block copolymers. 17 Carlmark and Malmström pioneered the field of surface modification of cellulose by controlled covalent polymer grafting utilizing RDRP, in their case atom transfer radical polymerization (ATRP). 3, 5, 18, 19 Zhang et al. employed a poly(glycerol monomethacrylate) macromonomer obtained by ATRP as reactive steric stabilizer in emulsion polymerization to form latexes that were adsorbed to boronic-acid derivatized cellulose. 20 In 2008, Perrier et al. 21 were the first to exploit reversible addition-fragmentation chain transfer (RAFT) polymerization to surface modify cellulose. Surface modification of cellulose by poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) 22, 23 has recently been investigated, as this polymer is both thermo-and pH-responsive, which makes it interesting in a wide range of applications. PDMAEMA is antibacterial 24 and could be used for gene-delivery, 25 but also in other fields e.g. waste-water treatment 26 and paints. 27 Indeed, the tertiary amine group in PDMAEMA can either be protonated when below its pK a (close to 7.5, slightly chain length dependent), 28 or permanently charged by quaternization (q-PDMAEMA). Several earlier investigations have employed grafting of PDMAEMA from cellulose or the potential interaction between q-PDMAEMA/cellulose after cationization of the PDMAEMA segment incorporated to obtain more complex architectures. As an example, surface modification has been performed by physical adsorption of q-PDMAEMA-b-PCL ( poly(ε-caprolactone)) to cellulose model surfaces. 22 In another study, cellulose nanofibrils have been modified with a cationic amphiphilic block copolymer consisting of q-PDMAEMA-b-polybutadiene. 23 However, both studies employed organic solvents for the syntheses, which implies that a quaternization step is required as post-modification to obtain charges on the hydrophilic segment. Pei et al. 29 recently reported block copolymers prepared by RAFT dispersion polymerization where different PDMAEMAs, also synthesized in organic solvent, were employed as macroRAFTs for polymerization of 2-phenylethyl methacrylate (PEMA). In addition, the use of a q-PDMAEMA macroRAFT (obtained from the aqueous RAFT polymerization of q-DMAEMA) was recently reported by Semsarilar et al. 30 for the dispersion polymerization of 2-hydroxypropyl methacrylate in water, thus producing amphiphilic block copolymers. The endeavor of producing new cellulose-based hybrid materials has resulted in large interest in amphiphilic block copolymers. 22, 31, 32 These polymers are synthesized from a hydrophilic and a hydrophobic block, which can be tailored to be highly interesting as compatibilizers. 31 However, the synthesis of amphiphilic block copolymers is demanding due to the difference in solubility between the blocks, and at least two (or more) steps with thorough purification between each step is often required. Recently, the development of RAFT, 33, 34 one of the most versatile RDRP techniques, in emulsion polymerization, has led to the facile water-based synthesis of amphiphilic block copolymers. The amphiphilic block copolymers self-assemble to form nanoparticles according to polymerization-induced self-assembly (PISA) 35 as initially described by Hawkett et al. 36 Originally, the first macromolecular RAFT agents (macroRAFT) were prepared in organic solvent. However, D'Agosto et al. 37 recently performed PISA following a two-step, one-pot aqueous procedure. The synthesis of the hydrophilic macroRAFT is performed in water close to full monomer conversion and is directly followed by addition of the hydrophobic monomer in the same reactor. During the second step, polymer particles are formed, without the need for any additional surfactant. This simple, robust and ecofriendly strategy has been successfully applied to acrylic acid, 38 methacrylic acid (MAA), 39 and a mixture of MAA and poly-(ethylene oxide) methyl ether methacrylate (PEOMA). [40] [41] [42] Furthermore, different hydrophobic monomers such as styrenics and (meth)acrylics have been employed for the hydrophobic core, leading to many different compositions of amphiphilic block copolymers. In addition, different morphologies have been obtained, [41] [42] [43] similar to those obtained by the postpolymerization self-assembly of amphiphilic block copolymers conducted at very low concentrations (<1 wt%). 44 These syntheses, employing the PISA process, were performed under conventional aqueous emulsion polymerizations conditions, which are highly attractive from an industrial point of view due to the low environmental impact, the possibility of working at high solids contents at low viscosities, the fact that no work-up is required, as well as the ease of handling the final product.
In this work, we took advantage of the above-mentioned PISA strategy to design PDMAEMA-b-poly(methyl methacrylate) (PDMAEMA-b-PMMA) amphiphilic block copolymer nanoparticles that could interact with the negatively charged surface of cellulose fibres, enabled by the cationization of the PDMAEMA block. The RAFT polymerization technique has been utilized to polymerize DMAEMA in water at pH 7, below its pK a , in the presence of a RAFT agent, 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA), and the water soluble initiator 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AIBA). The reaction conditions were such that DMAEMA was charged and sensitive to hydrolysis, which generated a small amount of deprotonated methacrylic acid. The resulting copolymer was thus mainly composed of positively charged DMAEMA units with some deprotonated methacrylic acid units and was denoted P(DMAEMA-co-MAA). Being overall positively charged, this macroRAFT was subsequently used to initiate the growth of a PMMA block and formed latex particles after emulsion polymerization of the hydrophobic monomer MMA. Furthermore, the synthesized latex nanoparticles were adsorbed on two different model surfaces, silica and cellulose, to demonstrate their potential for surface engineering. ) on the cellulose fibres prior to use according to a procedure developed and described by Wågberg et al.
Experimental section
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Instrumentation and methods Nuclear magnetic resonance (NMR). The conversion of DMAEMA was determined using 1 H NMR spectroscopy on a Bruker DR 300 Hz NMR instrument, using D 2 O as a solvent. 1,3,5-Trioxane was used as an internal reference. Polyelectrolyte titration (PET). The surface charge density of the hydrophilic P(DMAEMA-co-MAA) and the cationic latexes was determined by PET using a 716 DMS Titrino (Metroohm, Switzerland) with potassium poly(vinyl sulfate) (KVPS) as the titrant and ortho-toluidine blue (OTB) as the indicator. The colour change was recorded spectroscopically with a Fotoelektrischer Messkopf 2000 (BASF), and the amount of KVPS needed to reach equilibrium was calculated according to Horn et al. 49 Gravimetric analysis. For emulsion polymerizations performed in the presence of P(DMAEMA-co-MAA) macroRAFT, samples were withdrawn at different times from the reaction medium. The MMA conversion was determined gravimetrically.
Size exclusion chromatography (SEC). SEC measurements were performed on a TOSOH EcoSEC HLC-8320GPC system equipped with an EcoSEC RI detector and three columns (PSS PFG 5 µm; Microguard, 100 Å, and 300 Å) (MW resolving range: 100-300 000 g mol −1 ) from PSS GmbH, using DMF (0.2 mL min −1 ) with 0.01 M LiBr as the mobile phase at 50°C.
A conventional calibration method was employed using narrow PMMA standards ranging from 700 to 2 000 000 g mol −1 , and was used to determine the average molar masses (numberaverage molar mass, M n , and weight-average molar mass, M w ) and the molar-mass dispersity (Đ M = M w /M n ). Corrections for flow rate fluctuations were made using toluene as an internal standard. PSS WinGPC Unity software version 7.2 was used to process the data.
Dynamic light scattering (DLS).
Samples were analyzed with a Malvern Zetasizer NanoZS at 25°C. The particle size (average hydrodynamic diameter, D h ) and the dispersity in size (indicated by the polydispersity index, PdI) of highly diluted samples in deionized water were measured by DLS. The same instrument was also used for measuring the electrophoretic mobility in order to estimate the zeta potential (ζ) of the formed latexes. The electrophoresis measurements were performed in a KCl (10
Transmission electron microscopy (TEM). Thin liquid films of the latex suspension were deposited onto 300 mesh holey carbon films (AgarScientific, UK) and quench-frozen in liquid ethane using a cryo-plunge workstation (made at LPS Orsay). The specimens were then mounted on a precooled Gatan 626 specimen holder, transferred into the Philips CM120 microscope operating at an accelerating voltage of 120 kV (Centre Technologique des Microstructures (CTμ), platform of the Claude Bernard Lyon 1 University, Villeurbanne, France). The number-average particle diameter (D n ) was determined using the National Instrument Vision Assistant.
The number of particles per unit volume (N p ) of the aqueous phase (mL −1 water) was calculated using the diameter obtained from TEM (D n , nm) according to eqn (1), with τ (g mL −1 water) the solids content of the dispersed phase (τ = (m macroRAFT + conversion × m MMA )/V water , with m macroRAFT and m MMA the initial weight of P(DMAEMA-co-MAA) macroRAFT and MMA, respectively, V water the initial volume of water) and ρ the density of PMMA (1.18 g cm −3 ).
Silicon substrates and QCM silica coated crystals. Prior to adsorption the substrates were rinsed and cleaned. Silicon wafers ( p-type, MEMC Electronic Materials, Novara, Italy) were first rinsed with deionized water, ethanol and finally deionized water again and thereafter dried in N 2 . The silicon wafers were placed in an air plasma cleaner (Model PDC 002, Harrick Scientific Corporation, NY, USA) under reduced air pressure for 120 s at 30 W. The same rinsing steps were performed for the silica coated QCM crystals prior to preparation of the cellulose model surfaces.
Quartz crystal microbalance with dissipation (QCM-D). A QCM-E4 from Q-sense AB with a continuous flow of 0.15 mL min −1 was used to ensure that fresh reaction solution was present in the reaction cell at all times. This instrument measures the change in resonance frequency of the crystal, corresponding to a change in mass attached to the surface. To convert a change in frequency to its corresponding change in adsorbed mass per area unit, the Sauerbrey model 50 was used:
where C is a sensitivity constant, −0.177 (mg (m 2 Hz)
), Δf the change in resonance frequency (Hz), and n the overtone number.
The dissipation is related to the viscoelastic properties of the adsorbed layer. A thin, rigid attached film is expected to yield a low change in dissipation. A more water-rich and mobile film is expected to yield a larger change in dissipation. The dissipation factor, D, is defined as:
where E dissipated is the energy dissipated during one oscillation period, and E stored , the energy stored in the oscillating system. This Sauerbrey model assumes rigidly attached layers, and the attached amount determined contains both polymer and other compounds coupled to the surface. Earlier work has shown that this model is also valid for layers with higher dissipations and comparable to more advanced models. 51 Atomic force microscopy (AFM). A Multimode 8 (Bruker, USA) was used in the tapping mode to investigate the silica and cellulose model surfaces with adsorbed latex. RTESPA (Bruker, USA) tips with 300 kHz resonance frequency, 40 N m −1 spring constant, and 8 nm tip radius were used.
Contact angle (CA). Contact angle measurements were performed at 50% relative humidity (RH) and 23°C with a KSV instrument CAM 200 equipped with a Basler A602f camera, using 5 µL droplets of deionized water.
Matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-ToF MS). Mass spectra were acquired on a Voyager-DE STR (Applied Biosystems, Framingham, MA). This instrument was equipped with a nitrogen laser (wavelength 337 nm) to desorb and ionize the samples. Samples were analysed using dithranol as a matrix with or without sodium iodide salt as a cationization agent. The accelerating voltage used was 20 kV. The spectra were the sum of 300 shots, and an external mass calibration was used. Samples were prepared by dissolving the product in DMF at a concentration of 1 g L −1 . The assigned isotopic distributions were simulated with an ISOPRO mass spectrometry simulator before being assigned. Differential scanning calorimetry (DSC). The measurements were performed on a Mettler Toledo DSC. The heating and cooling rates were fixed at 10°C min −1 and performed in air.
The temperature was increased from −60°C to 150°C, stabilized for 5 min, decreased from −60°C to 150°C, stabilized for 5 min and increased again to 150°C. The glass transition temperature was obtained from the second heating. Fig. S1 and S2 in ESI †), and was denoted P(DMAEMA-co-MAA). Theoretical number average molar masses were calculated using eqn (4): 
RAFT mediated emulsion polymerization of MMA in water
The synthesis is exemplified by entry 2 in Table 1 . To a 25 mL round bottom flask equipped with a magnetic stirring bar, 0.393 g of P(DMAEMA-co-MAA) macroRAFT was added, followed by water. The added amount of water was adjusted so that the final concentrations of the macroRAFT and the monomer (MMA) were 6.00 mM and 2.12 M, respectively, corresponding to a solids content of 20 wt%. An aqueous solution of the initiator AIBA (3.4 g L −1 ) was prepared and 1 mL was added to the reaction mixture. The reaction mixture was degassed with argon on an ice bath for 30 minutes and thereafter immersed in a thermostated oil bath at 70°C. The monomer conversion was followed by gravimetric analysis by withdrawing samples regularly during the polymerization. The molar mass and the molar-mass dispersity (Đ M ) were determined by SEC in DMF.
Preparation of the cellulose model surface
The procedure for preparation of model cellulose surfaces was developed and described by Wågberg et al. 52 Prior to adsorption of the cellulose, the QCM silica coated crystals were rinsed in water and ethanol and cleaned in a plasma cleaner (PDC-32G, Harrick Scientific Corp., Ossining, New York, USA) with an effect of 100 W for 2 minutes under vacuum. Thereafter, the crystal was exposed to a PVAm solution (0.01 g L −1 , pH 7.4) which was adsorbed as an anchoring layer. The carboxymethylated cellulose fibers (0.25 g) were dissolved in NMMO (12.5 g, 50 wt% solution in water) at 120°C and then 37.5 g of DMSO was added to dilute the solution. Thereafter, the dissolved cellulose was spin-coated onto the PVAm coated QCM crystals and regenerated by exposure to Milli-Q water. The obtained cellulose model surface was expected to have a thickness of 30-40 nm according to the literature.
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Preparation of latex dispersion for adsorption onto model surfaces
The latex dispersions were purified by dialysis in Milli-Q water and thereafter diluted to a concentration of 100 mg L −1 in Milli-Q water. All adsorptions were performed at pH 6 ( pH was not adjusted).
Results and discussion
Herein, we report a straightforward method for the synthesis of cationic latex nanoparticles designed for the surface modification of cellulose to achieve a hydrophobic surface with a specific topography determined by the size of the latex particles. The prepared charged latex particles were readily adsorbed onto negatively charged cellulose surfaces in aqueous solutions without any post modification of the latex.
Synthesis of P(DMAEMA-co-MAA)-stabilized PMMA latexes
The successful synthesis of amphiphilic block copolymers, consisting of P(DMAEMA-co-MAA) as the hydrophilic and charged block and PMMA of varying molar masses as the hydrophobic block, is reported. Initially, CTPPA was employed as a chain transfer agent for the RAFT polymerization of DMAEMA in water (Scheme 1). It should be noted that CTPPA itself is not water-soluble; however, CTPPA is soluble in the hydrophilic monomer, DMAEMA, and can therefore be employed in an aqueous system. 37 There are few earlier investigations available where DMAEMA has been polymerized in aqueous media by ATRP 53, 54 or by RAFT polymerization. 55 However, all those studies lack structural analyses, i.e. NMR data. It is known that DMAEMA is sensitive towards hydrolysis, 56 both under acidic and basic conditions, and that the hydrolysis is accelerated in the presence of charged polymers. However, the corresponding polymer, PDMAEMA, is not sensitive. 28, 57 Indeed, DMAEMA is advantageous compared to its acrylate counterpart, 2-(dimethylamino)ethyl acrylate (DMAEA), where both monomer and polymer poly(2-dimethylaminoethyl acrylate) (PDMAEA) are hydrolytically unstable. ). M KCl at pH 6.5.
Self-catalyzed degradation of linear cationic PDMAEA in water, independently of molar mass and the pH of the solution, has been reported. 59, 60 Perrier et al. 58 reported the hydrolysis of DMAEA upon polymerization in aqueous solution and speculated that the same behavior could occur for the methacrylate analogue but to a minor extent. We thus selected the more hydrolytically stable methacrylate, DMAEMA, for the aqueous RAFT polymerization to form the cationic hydrophilic block. Initial attempts to synthesize the macroRAFT species were performed without adjusting the pH (9.4). However, this resulted in substantial hydrolysis of DMAEMA which was verified by the formation of (deprotonated) methacrylic acid. By 1 H-NMR, the two methylene (-CH 2 ) protons in the (deprotonated) methacrylic acid (δ = 3.15 ppm and δ = 3.75 ppm) were observed. To circumvent this side-reaction, the pH was adjusted to 7 for the synthesis of the macroRAFT, a pH value for which the monomer is positively charged ( pK a = 8.4). 28 Consequently, the resulting latex particles would carry cationic charges originating from DMAEMA units that could interact with the anionic cellulose surface during the following adsorption step. Despite the decreased pH, MAA was still formed during the macroRAFT synthesis but to a lower extent. Approximately 7% of DMAEMA was hydrolyzed to MAA during the RAFT polymerization according to NMR (Fig. 2 in ESI †) , resulting in the formation of a P(DMAEMA-co-MAA) copolymer carrying mainly cationized DMAEMA units and some deprotonated MAA units, thus providing an overall positively charged macro-RAFT. Full conversion was reached in 2 h and no induction period was observed. However, the determination of molar mass and molar-mass dispersity could not be performed due to insolubility in DMF. Several attempts were made to analyze the macroRAFT by SEC using different eluents (DMF with LiBr, without and by adding base (NaOH), THF, and water with NH 4 OAc/NaNO 3 ) but none of them were successful. This may be explained by the polyelectrolyte nature of the macroRAFT.
However, the molar mass characteristics of the macroRAFT were successfully determined by MALDI-ToF MS (Fig. 3 in ESI †). The number average molar mass was determined to be 3900 g mol −1 in good agreement with the targeted molar mass, 3800 g mol −1 (re-calculated taking into account the presence of MAA units), and the molar-mass dispersity was reasonably narrow, Đ M = 1.22. Besides, the net charge density of the macroRAFT was determined by polyelectrolyte titration in Milli-Q water to be 4.2 meq. g −1 .
The P(DMAEMA-co-MAA) macroRAFT was employed in the RAFT-mediated surfactant-free emulsion polymerization (PISA) of MMA to form P(DMAEMA-co-MAA)-decorated latex particles (Scheme 1). Table 1 presents the experimental conditions used for MMA polymerizations, targeting four different molar masses (DP n = 176, 353, 705 and 1410, for Latexes 1, 2, 3 and 4, respectively) by varying the initial amount of macroRAFT and keeping the amount of MMA constant. Thereby, the solids content varied from 25 to 17 wt% when the macroRAFT concentration decreased from 15 to 1.9 mM H 2 O, while the pH remained close to 6 in all cases. High monomer conversions were obtained after short reaction times for all performed polymerizations (Fig. 1a) . Slightly lower conversion was obtained for Latex 4, DP n = 1410 (Table 1 , entry 4). Unfortunately, as for the macroRAFT, it was difficult to monitor the evolution of molar mass with monomer conversion by SEC using common eluents (THF, water, chloroform or DMF) due to the insolubility of the block copolymers at low MMA conversions, owing to the dominating nature of the P(DMAEMA-co-MAA) hydrophilic segment. Other studies also report difficulties in the characterization of similar amphiphilic block copolymers that were soluble in DMF. 30 The SEC traces for the final samples given in Fig. 1b showed that higher molar masses were obtained with increasing targeted DP n . The corresponding values of the molar masses can be found in Table 1 , and were considerably higher than the targeted molar masses. There are several potential reasons for this; the SEC instrument was calibrated with linear PMMA standards, which possibly differ in hydrodynamic volume compared to the cationic P(DMAEMA-co-MAA)-b-PMMA polymer. Besides, the trithiocarbonate chain end of hydrophilic polymethacrylate type macroRAFT such as poly(methacrylic acid) 38, 61 has proven to be sensitive to hydrolysis, particularly at basic pH. P(DMAEMA-co-MAA) may follow this trend. The loss of active trithiocarbonate chain ends (during the macroRAFT synthesis or in the next emulsion polymerization step) may thus explain the higher molar mass observed for the resulting amphiphilic block copolymers. Furthermore, the charged nature of the macroRAFT, as already mentioned in the literature, 30, 38, 62 may impede the first addition-fragmentation steps and thus disturb the self-assembly process. Table 1 presents the particle sizes and the polydispersity index, determined by DLS, and the ζ-potentials estimated from measurements of the electrophoretic mobility. The DLS measurements showed that the particle size increased with increasing molar mass of the PMMA block and that narrow size distributions were obtained. Further analyses by cryo-TEM (Fig. 2) indicated that spherical latex particles, uniform in size, were effectively formed. Moreover, by targeting a higher degree of polymerization for the hydrophobic segment, the size of the particles increased, which was in accordance with the results obtained by both DLS and SEC. The sizes of the particles measured by TEM were smaller compared to DLS. Most of the discrepancy between the particle sizes determined by the two different techniques could be attributed to the corona. The small particle sizes obtained, and all the abovementioned data, are consistent with the self-assembly of block copolymers and support a posteriori that the RAFT polymerization of DMAEMA performed in water at pH 7 was effectively controlled. The ζ-potentials show that all the latexes were positively charged despite the presence of deprotonated MAA units. The PET measurements (Table 1) indicated that the surface charges per gram material decreased, as expected, with an increased amount of non-charged PMMA, i.e. with the size of the particles.
Adsorption of cationic P(DMAEMA-co-MAA)-stabilized PMMA latexes onto cellulose and silicon wafers
The cationic latex nanoparticles were adsorbed onto negatively charged model surfaces of cellulose. When employing organic solvents for the synthesis of block copolymers incorporating a PDMAEMA segment, the quaternization of PDMAEMA is an additional step required for obtaining permanent charges. The only requirement with these pH-dependent P(DMAEMA-co-MAA)-b-PMMA latexes is to perform the adsorption at a pH leading to cationic particles, which is the case for a pH close to 6 (Table 1) .
Adsorption was investigated with the aid of QCM-D to evaluate the interaction between the cationic P(DMAEMA-co-MAA)-b-PMMA latex particles and the cellulose substrate.
Prior to measurements, latexes were diluted with Milli-Q water (100 mg L −1 ). The adsorption in the QCM-D was performed with a continuous flow of fresh particle dispersion until a stable baseline was obtained, indicating that saturation adsorption was reached. The adsorption was followed by a rinsing step to ensure that the adsorbed latexes were attached to the surface. As can be seen in Fig. 3 , the significant decrease in frequency shows the adsorption of the cationic latexes to the negatively charged cellulose. The frequency is decreasing with increasing molar mass of the PMMA block in the latexes, and consequently, a decrease in the charge density of the latex with increasing the molar mass of the hydrophobic block. Thus, the adsorbed mass will increase with increasing size of the particles, prior to adsorption saturation, 63 which is clearly Table 1 for details). demonstrated in Fig. 3 . A change in the adsorption kinetics can also be detected for the latex with the longest hydrophobic block. The QCM-D permits a continuous flow of the solution through the equipment, allowing for a constant solution concentration of the polymer. However, the polymers have to diffuse over a stagnation layer to reach the model cellulose surface. The diffusion of the latex particles will be determined by the concentration gradient and the size of the latex particles. This size was determined by the size of the hydrophobic core of the particles and of the swollen polyelectrolyte layer on the particle surface. All the experiments were performed at a constant solids concentration. This leads to a rather complicated relationship for the samples investigated since the particle concentration will change with the size of the particles, the charge of the corona of the latex, and the size of the hydrophobic core of the latex. As is obvious in Fig. 3 , Latex 4 contained the largest particles and was expected to have the slowest adsorption which was also detected. The initial adsorption kinetics for Latexes 2 and 3 were similar, whereas Latex 1 exhibited slower kinetics. Considering the change in particle concentration, as well as the size of the hydrophobic core, and that the charged corona was also changed, it is anticipated that the initial adsorption of Latex 2 and Latex 3 should be similar. However, as the adsorbed amount increased, the interaction within the adsorbed layer will also affect the adsorption kinetics, as the saturation adsorption was reached. The higher charge of Latex 1 can also explain the adsorption behavior of this species. In Fig. 3 it is shown that there was a small initial increase in frequency and also a decrease in the dissipation, indicating that deswelling of the cellulose occurred, which has also been reported earlier in the literature. 64 The adsorbed amount is dependent both on the charges and on the size of the particles as discussed earlier. The driving force for the adsorption is the release of counterions, as the cationic latex adsorbs to the charges on cellulose, which results in a large gain in entropy. As the surface charge of the latex decreases the adsorbed amount, for a complete ion-exchange, will increase. As demonstrated in Table 2 , an inverse relationship between the adsorbed amount and charge density of the latex particles is indeed found. Furthermore, since the polymer chains in the particles will not be able to change their conformation, as flexible polyelectrolytes do when they are adsorbed at the solid-liquid interface, there will be an increase in the adsorbed amount due to a much thicker adsorbed layer for the large latex particles. Consequently, the larger size and lower charge of the latex will have a twofold effect on the adsorbed amount of latex. The dissipation is providing information about the viscoelastic properties of the adsorbed layer including the surfacebound solvent. By increasing the length of the PMMA block, the dissipation increased, except for the shortest PMMA block where a decrease in dissipation was shown. This is most probably due to the mild deswelling of the cellulose surface, caused by the latex with highest charge density (Latex 1) that was discussed earlier. By studying the AFM images ( Fig. 4a-d) , it can clearly be seen that a substantial amount of latex was adsorbed to the cellulose model surfaces. The cellulose was nearly completely covered with latex particles. This high coverage is in accordance with the large decrease in frequency observed in the QCM-D measurements. In order to examine the wetting properties of the surfaces, contact angle (CA) measurements on latex saturated cellulose model surfaces were performed. The contact angles varied between 64 and 71°w hich are significantly higher than 25°which is the CA for a neat cellulose model surface ( Table 3 ). The latex modified surfaces were annealed at 160°C for 2 h which caused the contact angle to increase to 93-98° (Table 3 ). The heat treatment was used to increase the mobility of the polymer chains of the particles which enabled the charged hydrophilic polymer to move to the negatively charged cellulose model surface. Hence, the PMMA hydrophobic core was exposed to the air-solid interface which increased the contact angle (Table 3 ). The AFM images (Fig. 4e-h) show that the height of the particles decreased after annealing, but the particle shape was maintained. This was expected since the mobility of the polymer chains increases above the glass transition temperature of PMMA. The glass transition temperatures for the various latexes were determined by DSC and varied from 116 to 121°C (Fig. S4 and Table S1 in ESI †). The average roughness values of the entire surface can be found in Table 3 . The roughness data show that the annealed surfaces have a lower roughness than the nonheated surfaces. This indicates that the particles collapsed to a certain extent during the heat treatment.
Due to the large amount of adsorbed latex on the cellulose model surfaces, it was not possible to observe individual latex nanoparticles. Therefore, as a control experiment, the latexes were deposited on silicon wafers, using a short adsorption time to obtain lower particle coverage. Hence, the individual particles were easier to visualize. Apart from the shorter adsorption time, the surface roughness was an important difference between the silica surfaces and the cellulose model surfaces. The silica surface is considerably smoother, providing a smaller surface area which will affect the adsorption and improve the visualization of the individual particles. On the silica surfaces (Fig. 5) , the particles were clearly, individually images (e-h) were analysed after annealing of the corresponding surfaces at 160°C for 2 h. separated and all particles were spherically shaped. As expected, the particle sizes determined by AFM were similar to those previously obtained with DLS and cryo-TEM (Table 1) . The full coverage of the cellulose model surface is probably due to the high affinity between the latex particles and the cellulose and the more extended adsorption times for the cellulose surfaces. The particles are expected to repel each other due to electrosteric repulsion. However, the latex-cellulose attraction, i.e. the gain in entropy upon release of counterions, is dominating, which gives rise to a high particle coverage for the cellulose model surface which has a considerably higher charge in comparison to the silicon wafer. Contact angle measurements were also performed for the silicon wafers, showing contact angles between 48 and 60°for the different samples. Those values are in accordance with the earlier published data where Yu et al. reported CA of 50°on PDMAEMAgrafted silica surfaces. 65 In the same work, block copolymers of PDMAEMA-b-PMMA have also been grafted yielding CAs of 65°, and the contact angle for the homopolymer PMMA grafted surfaces was 70°. Upon annealing, a similar behavior was observed for the silica surfaces as that for the cellulose model surfaces: the height of the particles decreased upon heating due to the annealing of the particles (Table 4) . As expected, the contact angles increased due to the exposure of the PMMA and the measured CAs were within the interval 85-93°for all samples (Table 4) . Those values were higher than earlier reported values in the literature, but could possibly be explained by a larger surface roughness compared with the grafted surfaces, which could increase these contact angles.
Conclusions
In this work, the successful synthesis of amphiphilic block copolymers, P(DMAEMA-co-MAA)-b-PMMA, has been performed by surfactant-free RAFT-mediated emulsion polymerization based on the PISA process. The properties and characteristics of four cationic latexes with different PMMA molar masses have been investigated. The stable latex nanoparticles were all spherical, showing a narrow size-distribution with different sizes of the hydrophobic cores. Adsorption was performed at a pH at which the particles were charged and large amounts were successfully adsorbed to cellulose model surfaces in a QCM-D equipment, which considerably changed the character of the modified surface. The mass adsorbed to the cellulose model surfaces was found to increase with increasing molar mass of the hydrophobic PMMA block, i.e. the size of the latex nanoparticles, and with decreasing surface charge density of the latex with increasing length of the PMMA block. Annealing of the surfaces resulted in an increased hydrophobic character both for silica substrates and cellulose model surfaces. Furthermore, the pronounced affinity between the latex particles and the cellulose is highly promising for the development of biocomposites on a larger scale where no solvent exchange, or post-functionalization, is necessary. Besides, this kind of latex is highly interesting for papermaking since its characteristics can be tailored and it is produced without any low molar mass additives that may migrate from the product.
